This paper presents a study on the deformation and degradation responses of railway ballast using largescale laboratory testing and computational modeling approaches. A series of large-scale triaxial tests were carried out to investigate the ballast breakage responses under cyclic train loading subjected to varying frequencies, f=10-40 Hz. The role of recycled rubber energy-absorbing mats (REAMs) on reducing ballast breakage was also examined. Laboratory test results show that the ballast experiences significant degradation (breakage) and deformation, while the inclusion of REAMs can reduce the ballast breakage up to about 35%. Numerical modeling using the coupled discrete-continuum approach [coupled discreteelement method-finite-difference method (DEM-FDM)] is introduced to provide insightful understanding on the deformation and breaking of ballast under cyclic loading. Discrete ballast grains were simulated by bonding of many circular elements together at appropriate sizes and locations. Selected cylinders located at corners, surfaces, and sharp edges of the simulated particles were connected by parallel bonds; and when those bonds were broken, they were considered to represent ballast breakage. The subgrade and rubber mat were simulated as a continuum media using FDM. The predicted axial strain εa and volumetric strain εv obtained from the coupled DEM-FDM model are in good agreement with those measured in the laboratory. The model was then used to explore micromechanical aspects of ballast aggregates including the evolution of particle breakage, contact force distributions, and orientation of contacts during cyclic loading. These findings are imperative for a more insightful understanding of the breakage behavior of ballast from the perspective of microstructure characteristics of discrete particle assemblies. Introduction Abstract: This paper presents a study on the deformation and degradation responses of railway 5 ballast using large-scale laboratory testing and computational modeling approaches. A series of 6 large-scale triaxial tests are carried out to investigate the ballast breakage responses under cyclic 7 train loading subjected to varying frequencies, f=10-40 Hz. The role of recycled rubber energy 8 absorbing mats (REAM) on reducing ballast breakage is also examined. Laboratory test results 9
With the increasing competition from other means of transport, the railway industry must 48 continually upgrade track systems and apply innovative technologies to minimise the costs of 49 construction and maintenance. The ballast layer plays a crucial part in transmitting and distributing 50 the wheel load from sleepers to the underlying sub-ballast and subgrade at a reduced and 51 acceptable stress level (Selig and Waters 1994, Janardhanam and Desai 1983, Lobo-Guerrero and 52 Vallejo 2005) . When subject to heavy freight trains, ballast aggregates experience significant breakage 53 (Zhang et scale triaxial tests to study the influence of confining pressure (lateral confinement) on the 62 degradation of ballast under cyclic loading. They found that under low confining pressures (σ3 < 63 30 kPa), substantial ballast breakage was observed. Small increases in confining pressure σ3=30-64 75 kPa resulted in reduced ballast breakage due to increased particle contact area and more uniform 65 inter-granular stresses. However, higher confining pressure (σ3 >75 kPa) resulted in a gradual 66 increase in ballast breakage (mainly across the bodies of grains) due to tighter packing of grains 67 and suppressed dilation. Leng et al. (2017) carried out cyclic triaxial test on with coarse-grained 68 granular materials to study the accumulation of permanent deformations under different confining 69 and deviator stress levels. They found two distinct stages of permanent deformation: (i) rapid 70 increase in the accumulative plastic strains until failure; and (ii) a steady state of plastic strain 71 accumulation after a given number of loading cycles. These findings were in agreement with those 72 reported earlier by Lackenby et al. (2007) . 73 Guo and Zhu (2017) studied the particle breakage energy and its effect on the stress dilatancy of 74 rockfill aggregates, and they found that the breakage occurred even at low-stress level and it 75 contributed to a considerable reduction of dilatancy of rockfills (Suiker and Borst 2003, Xiao et 76 al. 2014b ). Ueng and Chen (2000) modified the well-known Rowe's dilatancy law by adding 77 4 energy consumption due to particle breakage (Eb) and found that the shear strength of granular 78 aggregates was influenced by the rate of energy consumption related to particle breakage. This 79 could correspond to the rate of increment of the surface areas of grains. They also found that with 80 increased confining pressure, the rate of energy consumption (i.e. due to particle breakage) 81 increased while the peak friction angles decreased, supported by similar findings by Indraratna et 82 al. (2011) . 83
A series of large-scale laboratory tests on ballast was carried out by Indraratna et al. (2011) at the 84 University of Wollongong, and they found that cyclic loads and impact loads exerted by heavy 85 haul freight train traffic caused significant deformation and degradation leading to poor track 86 geometry. Moreover, the transfer of cyclic stresses to a greater depth might cause differential 87 settlements in the subgrade thus affecting track stability. The complex stress states in a real track 88 environment were influenced by the mid-and high-frequency vibrations stemming from applied 89 train loads (Esveld 2001 , Mishra et al. 2014 There has still been limited research on the role of recycled rubber energy absorbing mats (REAM) 105 on the deformation and degradation behavior of ballast in view of micromechanical perspective. 106
This paper presents a study on the testing and modeling the breakage and deformation responses 107 of railway ballast based on large-scale triaxial tests and coupled DEM-FDM modeling, where the 108 5 interaction of discrete ballast grains and continuum media (rubber mats, capping and subgrade 109 layers) could be accurately captured. 110
Large-scale Triaxial Cyclic Testing 111
A total of six tests were conducted to study the load-deformation behavior of railway ballast and 112 the role of recycled rubber energy absorbing mats (REAM) on decreasing ballast breakage under 113 varied loading frequencies. Details of the testing program is presented in Table 1 
Properties of Tested Materials 125
Fresh latite basalt, a quarried igneous aggregate commonly used as railway ballast in New South 126
Wales, Australia was used in this study. This igneous material has been shown to be particularly 127 suitable for use on railway tracks because of its relatively high compressive strength, hardness, 128 and resistance to weathering. The ballast was washed to remove any dust and clay adhering to the 129 surface of the grains and then sorted into the required distribution by passing through a set of 130 standard industrial sieves (aperture size 63-2.36mm). Upon drying (Figure 2a After preparing the specimen, the triaxial cell was placed inside the loading frame, and the 148 specimen was filled with water through the base plate. The triaxial chamber was also filled with 149 water and left overnight to ensure saturation. The test specimens were consolidated to a confining 150 pressure of σ3=20 kPa, mimicking low confinement in the field (Indraratna et al. 2011 ). Fully 151 drained cyclic loading tests were conducted at a relatively low axial strain rate which allowed 152 excess pore pressure to dissipate completely. Cyclic tests were conducted within the bounds of 153 qcyc,max =230 kPa and qcyc,min =30 kPa (Figure 4a ), subjected to different loading frequencies of 154 f=10, 20, 30 and 40 Hz. It is noted that a conditioning loading phase at a frequency of f = 1 Hz was 155 applied initially to prevent any loss of actuator contact with the specimen during rapid vertical 156 deformation ( Figure 4b ). Stress-controlled cyclic loading phase then followed and the tests were 157 ceased after N=500,000 cycles or when the vertical deformation reached the actuator displacement 158 limit (approx. 30% axial strain). During these tests, the axial strain, a and volumetric change, v 159 were recorded periodically by an automated data logger controlled by a host computer. The ballast 160 specimens were recovered at the end of each test, then dried and sieved, and the changes in particle 161 size were recorded to analyse the extent of breakage. 162
Laboratory Test Results and Discussion 163

Axial Strain and Volumetric Strain Responses 164
Figure 5 shows the measured axial strain, a and volumetric strain, v with the number of load 165 cycle, N under a range of loading frequencies, f=10-40 Hz, with and without the REAM. Here, the 166 axial strain increases with an increase in loading cycle and higher the frequency, f applied the 167 greater the axial strain, a measured. There is a distinct trend of increasing axial strain within the 7 first thousand load cycles, followed by a gradual increase of the a at a decreasing rate ( Figure 5a ).
169
Indeed, when the ballast aggregates were compressed to a threshold packing arrangement, 170 subsequent loading would initiate volumetric dilation and particle breakage. As expected, the 171 inclusion of the REAM decreases the axial strain of ballast when subjected to frequencies of f=10 172 and 20 Hz. This is because the energy absorbing nature of REAM decreases the energy transferred 173 to the ballast grains that results in less deformation. It is also noted that at the initial loading up to 174 N=100 cycle, the REAM causes some increase in the a and this is attributed to the compression 175 of the rubber mat itself that contributes to the total vertical deformation. 176 The volume of ballast broken can be determined by sieving it before and after every test, and then 189 quantifying the differences of particle size gradations using the BBI index introduced by Indraratna 190 et al. (2005) , as illustrated in Figure 6 . The amount of ballast breakage subjected to varied 191 frequencies, with and without the inclusion of rubber mat is presented in Figure 7 . It is measured 192 that the ballast breakage increases with an increase in frequency, and the granular assemblies 193 having the REAM show a significantly reduced breakage compared to those without rubber mats. 194
The reduction of ballast breakage is primarily reflected by the energy absorbing characteristics of 195 the REAM which could absorb some dynamic loads resulting in less load being transferred to 196 ballast grains; as a result the breakage is decreased. In fact, the inclusion of REAM decreases the 197 BBI up to 30.8% and 35.3% for ballast subjected to a frequency of f=10 and 20 Hz, respectively. 198
Resilient Modulus of Ballast 199
The resilient modulus, MR can be defined as the ratio of the applied deviator stress (qcyc= qcyc,max-200 qcyc,min) to the recoverable (resilient) axial strain, εa,rec during a loading-unloading cycle. 201
During the test, data bursting were initiated at specific cycles to examine the influence of the load 203 and frequency on resilient modulus, MR of ballast. Typical applied cyclic stress-displacement curves 204 measured from testing are shown in Figure 8a . This data is used to determine the resilient modulus of 205 ballast at a given number of load cycles, N. In this study, the MR was calculated at N=1, 50, 100, 206 500, 1000, 5000, 10000, 50000, 100000, 200000, 300000, 400000, 500000; and the variations of 207 MR with and without the inclusion of the REAM under varied f is presented in Figure 8b . It is seen 208 that a considerable increment of the resilient modulus, MR can be observed up to N=100,000 cycles 209 and subsequently, the increment rate becomes marginal. Indeed, rapid densification of ballast 210 during initial load cycles causes an increase in the stiffness of the assembly, and as a result, rapid 211 increase in MR is observed. After N=100,000 cycles, ballast grains attained a more stable condition, 212 and this contributed to the reduction in the rate of increase of MR. shear test in DEM that took nearly 500 hours (using a high performance workstation). Given the 230 excessive cost of solving a practical railway embankment in DEM, and the numerical inefficiency 231 to accurately model a large geometrical problem with different layers of substructure (ballast, 232 capping, subgrade), there is a need to develop a coupled discrete-continuum model that would 233 fully optimize the combined computational effort while providing reasonable accuracy. 234
Coupled Discrete-Continuum Framework 235
Balast aggregetes having varying sizes and shapes were simulated in 2D DEM by bonding many 236 cylindrical particles together at predetermined size and locations using parallel bonds (Figure 9a ). 237
The breaking of these bonds was considered to represent ballast breakage. Micro-mechanical 238 parameters for ballast grains used in DEM analysis were determined by calibration with laboratory 239 test data, and a set of parameters used in the current DEM analysis is given in Table 3 . 249
The interaction between ballast grains (Zone 1) and capping/subgrade layers (Zone 2) were 250 facilitated by transferring of forces and displacements between the two domains. The schematic 251 diagram of exchanging of contact forces (Fn, Fs) and velocity (̇[ ] ) between the discrete particles 252 and continuum elements at their interfaces is presented in Figure 9c . The superscripts C, E, and P 253 represent contact, element, and particle, respectively. 254
The contact forces in the interface are determined as: 255 
The resultant force and moment on particles at the interface can be obtained: 260
The relative contact velocity at the interface ( The velocity of continuum elements at the interface (i.e. displacement) is then determined by: 266 
The time step, t was selected to ensure numerical stability conditions, given by:
, in which, seen that the predicted axial strains increase considerably up to around 5% within the first 1000 290 load cycles, followed by gradually increasing axial strains within 5,000 cycles, and then remained 291 relatively stable to the end (10,000 cycles). The area confined by the cyclic (hysteresis) loops 292 becomes increasingly smaller as the number of cycles increases, indicating that the ballast 293 specimen through cyclic densification begins to respond more elastically with time approaching a 294 quasi-shakedown condition. This hysteresis response is in good agreement to that measured earlier 295 in the laboratory by Sun et al. (2014) . 296
Comparison of predicted axial strains a obtained from the simulations with those measured 297 experimentally for ballast assemblies subjected to f=20 Hz is shown in Figure 11 . It is seen that 298 the predicted values of a match reasonably well with laboratory test data, showing that the 299 majority of axial strains occurs within the first N=1000 cycles, and the increment of a at 300 subsequent loading cycles occurs at a decreasing rate. This shows that the ballast undergoes 301 significant compression and rearrangement during initial loading cycles, but after achieving a 302 threshold densification, any subsequent loading would resist further compression and thereby 303 promote particle crushing and breakage. 304 305
Simulated Particle Breakage 306
Ballast grains were simulated by bonding of circular elements together and the breaking of these 307 bonds (Br) was considered to represent particle breakage. Although the number of broken bonds, 308
Br is different with the BBI, the Br could still provide a good indication of the amount of ballast 309 breakage. The accumulation of broken bonds with increased load cycle, N under four different 310 frequencies (f=10-40 Hz) is presented in Figure 12 . It is seen that the Br increases with an increase 311 in load frequency, f and this trend is similar to the BBI measured for laboratory data (Lackenby et 312 al. 2007 ). Under a given frequency f, the amount of bond breakage increases significantly within 313 the first N = 5,000 cycles, and then remains relatively unchanged at subsequent loading cycles. 314
The inclusion of REAM at the interface between the ballast and capping layer results in a decrease 315 in Br; this further supports the energy absorbing property of the REAM. 316 Figure 14 illustrates the evolutions of contact forces of the ballast assembly together with vertical 326 stress contours in the capping and subgrade layers at different load cycles of N=100, 1000, 5000 327 and 10,000 cycles, for f=20 Hz. It is observed that the applied cyclic loads are transmitted to 328 discrete grains in the form of contact force-chains where each contact force is represented at the 329 contact point having a thickness proportional to its intensity. Contact forces in the DEM domain 330 is heterogeneous, where the maximum contact forces change with load cycles. Large contact forces 331 have occurred and concentrated beneath the top-loading plate, and around wall edges, while a 332 significant portion of the load has vertically transmitted to the underlying subgrade. An increase 333 in the number of load cycles results in an increased number of contacts and larger contact force 334 intensities for both cases, i.e. with and without the inclusion of rubber mat. Increased contact force 335 13 intensity is synonymous with densification of the sample through rearrangement and breaking of 336 particles. Compared to unreinforced case (Figure 14a ), the inclusion of REAM would increase the 337 contact area between ballast and capping and broaden the stress distribution; this in turn eliminates 338 excessive contact forces at the interfaces and help to decrease the deformation and degradation of 339 ballast. Compressive stresses in the capping and subgrade are large around the interface regions 340 but decrease with depth. 341 Figure 15 shows polar histograms of contact orientations for ballast assemblies subjected to a 342 cyclic loading frequency of f=20 Hz, captured at varying load cycles of N=100, 1000 and 10000. 343
Variations of Contact Force Distributions 325
The polar histogram was plotted by collecting the contact information at a predetermined bin angle 344 of,  This paper presents the results of a series of large-scale cyclic triaxial tests and numerical modeling 366 using the coupled discrete-continuum approach to study the deformation and degradation of 367 railway ballast. Six tests were conducted subjected to qcyc,max =230 kPa and qcyc,min =30 kPa under 368 four different cyclic loading frequencies, i.e. f= 10, 20, 30 and 40 Hz, and tested up to 500,000 369 load cycles. The influence of recycled energy absorbing rubber mats (REAM) placed underneath 370 the ballast layer was also examined under two frequencies, f= 10 and 20 Hz. A coupled DEM-371 FDM model was developed to simulate cyclic triaxial tests, and the results obtained from these 372 simulations were found to be comparable with laboratory measurements. It is noteworthy that 373 coupling between discrete and continuum domains was implemented using a mathematical 374 approach developed by the Authors in order to transfer forces and displacements. The following 375 conclusions can be drawn: 376  The measured test data indicated that axial strain, a increased with an increase in loading 377 cycles; the higher the frequency applied, the greater the measured axial strain. Ballast 378 experienced a considerable axial strain, a within the first N=1000 cycles, followed by a It is noted that an interface element only receives forces at their nodes (i.e. FXA, FYA, FXB, FYB). 398 Thereby, it is essential to transfer forces and moments (M) from a discrete particle (FX, FY and M) 399 to a continuum element, as derived by the authors (also see Fig.9d ) and summarized in this 400
Appendix. Considering the equilibrium of forces in the horizontal and vertical directions, the 401 vertical and horizontal forces can be computed as: 402
Forces on horizontal direction: = + (9) 403
Forces on vertical direction: = + (10) 404
Taking the moment equilibrium at the centre (C) of a interface element, given by: 405 were developed to implement above Equations to carry out a coupled DEM-FDM simulation. 420 
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